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Coiled-coil 1-mediated fastening of the neck and motor
domains for kinesin-3 autoinhibition
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In kinesin-3, the coiled-coil 1 (CC1) can sequester the preceding
neck coil (NC) for autoinhibition, but the underlying mechanism is
poorly understood. Here, we determined the structures of the
uninhibited motor domain (MD)-NC dimer and inhibited MD-NC-
CC1 monomer of kinesin-3 KIF13B. In the MD-NC-CC1 monomer,
CC1 is broken into two short helices that unexpectedly interact with
both the NC and the MD. Compared with the MD-NC dimer, the CC1-
mediated integration of NC and MD not only blocks the NC dimer
formation, but also prevents the neck linker (NL) undocking and the
ADP release from the MD. Mutations of the essential residues in the
interdomain interaction interface in the MD-NC-CC1 monomer re-
stored the MD activity. Thus, CC1 fastens the neck domain and MD
and inhibits both NC and NL. This CC1-mediated lockdown of the
entire neck domain may represent a paradigm for kinesin autoinhibi-
tion that could be applicable to other kinesin-3 motors.
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inesins are a superfamily of microtubule (MT)-based mo-
lecular motors that can convert the chemical energy of ATP
hydrolysis into the mechanical power to drive long-range in-
tracellular transport or dictate MT dynamics (1-5). To transport
cellular cargoes, in addition to the core motor domain (MD;
referred to as the “head”) that can bind to MTs and undergoes
nucleotide-dependent conformational changes, processive kine-
sin motors (kinesin-1 to -3) require a characteristic neck domain
[containing a neck linker (NL) and a neck coil (NC)] and a
globular tail domain (2, 6). The neck domain forms a dimeric
“neck” for assembling a functional “two-headed” motor and
controlling the directionality and processivity, while the tail do-
main is responsible for binding to cargoes or cargo adaptors (7—
9). However, in the absence of cargoes, most of these processive
kinesin motors exist in an autoinhibited state to avoid futile ATP
hydrolysis and the potential congestion of MT tracks (10). In
kinesin-1 (the conventional kinesin), the compact autoinhibited
conformation is predominantly mediated by its tail domain that folds
back to directly interact with the MD (11, 12). This “tail-to-head”
intramolecular interaction interferes with either the MT-binding
capacity or the ATPase activity of the MD (or both) and keeps
the motor in a folded inactive state (13). Similar tail-to-head intra-
molecular interaction happens in kinesin-2 to maintain the motor in
an autoinhibited conformation as well (14, 15). The tail domain-
mediated autoinhibition of kinesin-1 and -2 would prevent their
improper cargo loading and erroneous movement and thus ensure
the precise spatial and temporal regulation of motor motility (10).
Kinesin-3 (including KIF1A/B/C, KIF13A/B, and KIF16A/B
in mammals) is a unique family of kinesin motors for in-
tracellular transport with superprocessivity (2, 3, 16). In com-
parison with other kinesins, kinesin-3 is characterized by a
family-specific forkhead-associated (FHA) domain that is sand-
wiched between two coiled-coils [coiled-coil 1 (CC1) and CC2]
and, together, follows the neck domain (Fig. 14). When not
transporting cargoes, most of kinesin-3 motors also adopt an
autoinhibited conformation (10). The founding member KIF1A
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was found to exist as a globular compact monomer that is largely
inactive (only with a capacity of slow diffusive motion) and needs
the cargo-mediated dimerization for fast processive movement
(17-19). The monomeric autoinhibited conformation of KIF1A
is partly contributed by the intramolecular interaction between
CC2 and the FHA domain that led to the decreased propensity
of dimerization and the inhibition of MT binding (20). More-
over, in KIF13B and KIF16B, a central stalk region immediately
following CC2 was found to directly interact with the MD (21,
22), and this “stalk-to-head” intramolecular interaction prevents
the binding of MTs and keeps the motor in a folded inactive
conformation. In addition to the inactivation of the MD, the
neck domain of kinesin-3 is also inhibited by following CC1. The
earlier studies of UNC-104 (KIF1A homolog in Caenorhabditis
elegans) demonstrated that CC1 can fold back to associate with
the NC to form a compact self-folded helix bundle that seques-
ters the NC and prevents its dimerization (23). The intra-
molecular interaction between the NC and CC1 was suggested to
be able to control the monomer—dimer transition of KIF1A/
UNC-104 by switching of the NC between the intramolecular
monomer and intermolecular dimer (16, 24). More intriguingly,
the CCl-mediated inhibition of the NC was also found in
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Fig. 1. Biochemical characterization of the various MD-containing frag-
ments of KIF13B. (A) Domain organization of kinesin-3 KIF13B. KIF13B con-
tains an N-terminal MD, a neck domain (containing the NL and NC), a CC1-
FHA-CC2 tandem followed by a MBS domain, and a C-terminal CAP-Gly
domain. The residue numbers for each domain are indicated below the
domain organization. (B) Analytical gel-filtration analysis of the various
KIF13B fragments, including MD-NL (solid black lines), MD-NC (solid gray
lines), and MD-ND-CC1 (dotted lines). The elution volumes of molecular mass
markers are indicated at the top of the elution profile. mAU, milliabsorbance
unit. (C) Analytical ultracentrifugation characterization of the various
KIF13B fragments. The calculated molecular masses for MD-NL, MD-NC, and
MD-NC-CC1 are indicated. (D) ATPase activities of the various KIF13B frag-
ments in the presence (+) or the absence (=) of MTs. Data were normalized by
the MT-stimulated ATPase activity of KHC as 100%. Each bar represents the
mean value + SD. NS, no significant differences. ***P < 0.001 (Student's t test).

KIF13A, KIF13B, and KIF16B, and the cargo-mediated di-
merization of these motors resulted in their superprocessive
motions (16), supporting that the CC1l-mediated autoinhibition
is highly conserved in kinesin-3 motors and plays a prominent
role in regulating the motor motility, although the mechanism of
inhibition remains poorly understood.

In this study, we determined the structures of the uninhibited
MD-NC dimer and the inhibited MD-NC-CC1 monomer of the
kinesin-3 motor KIF13B [that plays a prominent role in trans-
porting neuronal cargoes and controlling endocytosis (25, 26)].
In the MD-NC dimer, the NC forms a coiled-coil dimer for as-
sembling an uninhibited two-headed motor. In the MD-NC-
CC1 monomer, CCl1 is broken into two short helices (CCla and
CC1b) that unexpectedly interact with both the NC and the MD
to form a compact self-folded monomer. CCla folds back to
pack with the NC in an antiparallel manner, and this NC-CCla
two-helix bundle further leans against the MD to integrate the
three domains together and fix both the NC and NL, while CC1b
does not contact with the NC, but anchors at a distinct site of the
MD to stabilize the integrated monomer. The CCl-mediated
integration of the NC and the MD not only inhibits the NC di-
mer formation but also prevents the NL undocking and the ADP
release from the MD. Mutations of the essential residues in the
interdomain interaction interface in the MD-NC-CC1 monomer
restored the MD activity. Thus, CC1 fastens the neck domain
and MD and sequesters both the NC and NL for kinesin-
3 autoinhibition.
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Results

Biochemical Characterization of the MD-Containing Fragments of
KIF13B. To investigate the mechanism underlying the CCI-
mediated autoinhibition of kinesin-3, we initiated this work
with biochemically characterizing the various fragments of
KIF13B. We focused on the N-terminal MD-containing frag-
ments with or without CCl [i.e., MD-NL, MD-NC, and MD-NC-
CC1 (Fig. 14)] and characterized the oligomeric states of these
fragments by using the analytical gel-filtration and ultracentri-
fugation analysis (Fig. 1 B and C). As expected, the MD (with the
NL) predominantly exists in a monomeric state in solution (Fig.
1 B and C). Extension of the MD to the NC induced di-
merization of the MD (Fig. 1 B and C). However, the NC-
mediated dimerization was blocked by further inclusion of
CC1, and the resulting MD-NC-CC1 tandem adopted a stable
monomeric state in solution (Fig. 1 B and C). Thus, consistent
with the previous studies of KIF13B (16), CC1 is an inhibitory
segment capable of interfering with the NC-mediated di-
merization.

In addition to the oligomeric states, we also performed the
MT-simulated ATPase assay to characterize the ATPase activi-
ties of these KIF13B fragments. Without MTs, the basal ATPase
activities of MD-NL, MD-NC, and MD-NC-CC1 are extremely
low (Fig. 1D), consistent with the established critical role of MTs
in the ATP hydrolysis cycle of kinesin motors (27). Upon adding
MTs, both the MD (with the NL) and the MD-NC tandem shows
the similar high ATPase activities (Fig. 1D), indicating that ex-
tension of the MD to the NC has little impact on its ATPase
activity. In contrast, the MD-NC-CC1 tandem shows the signif-
icantly lower ATPase activity compared with the MD-NL and -NC
tandems (Fig. 1D), suggesting that further inclusion of CC1 inhibits
the MT-simulated ATPase activity of the MD. Taken together, all
of the biochemical data demonstrated that CC1 prevents the NC
dimer formation as well as the MT-simulated ATPase activity of
the MD.

Structure of the Uninhibited MD-NC Dimer. The NC can mediate
dimerization of the MD, and the MD-NC dimer is in an un-
inhibited state (Fig. 1 B-D). To dissect the NC-mediated di-
merization, we performed the crystal screening of the MD-NC
tandem. After extensive trials, the diffraction-quality crystals
were obtained. The structure of the MD-NC tandem was solved
by the molecular-replacement method and refined to 2.6 A (Fig.
2 and SI Appendix, Table S1). Although one molecule was found
in the asymmetric unit of the crystal, there exists a twofold
symmetry-related MD-NC dimer (Fig. 2 A and B). In the MD-
NC dimer structure, the MD adopts a canonical kinesin-motor
fold with eight B-strands (B1-p8) to form a central B-sheet that is
surrounded by six a-helices (al-a6), The NL adopts a linear
conformation and docks onto the MD, and the NC forms a
coiled-coil dimer that brings the two MDs together to assemble
an uninhibited two-headed motor (Fig. 2 B and C). Although no
extra nucleotides were added during crystallization, ADP and
Mg>* were still found to reside in the nucleotide-binding pocket
of the MD based on their well-traced electron densities (Fig. 2 4
and B).

In the MD-NC dimer structure, the NC initiates from P363
that produces a characteristic turn-like structure capping at the
N terminus of the coiled-coil dimer (Fig. 2D). Consistent with
the previous structural studies of the NC (28), the interhelical
packing between the NC coiled-coil dimer (buried with a surface
area of ~1,390 A?) is largely contributed by the hydrophobic
residues from the a and d sites of the NC [based on the heptad
repeat pattern (a—g) analysis]—that is, 1367, 1368, L371, V375,
L378, and L382 form the hydrophobic packing core of the coiled-
coil dimer (Fig. 2D). Moreover, the electrostatic interactions
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Fig. 2. Structure of the MD-NC dimer of KIF13B. (4) A ribbon diagram of the structure of the MD-NC subunit. The MD, NL, and NC are colored in pale cyan,
pink, and yellow, respectively. Missing loops in the structure are marked with dashed lines. A, Inset shows the omit electron-density maps of ADP and Mg>*
(contoured at 1.5¢ level). (B and C) A ribbon diagram (B) and surface representation (C) of the structure of the MD-NC dimer. The MD-NC dimer is assembled
by the NC coiled-coil dimer (highlighted by a dashed box in B). (D) A combined ribbon and stick diagram showing the interhelical packing between the NC
coiled-coil dimer. The side chains of the interhelical packing residues are shown as sticks. (E) Structural comparison of the dimeric MD-NC structures of kinesin-
1/-3. Here, kinesin-1 KIF5C (PDB ID code 3KIN) is colored in pink, and kinesin-3 KIF13B is colored in pale cyan. The distance between the nucleotide-binding

pockets of the two MDs for both kinesin-1 and -3 is labeled.

between E374 and R379 from the two NC helices further stabilize
the coiled-coil formation (Fig. 2D).

We compared the structure of the uninhibited MD-NC dimer
of kinesin-3 with that of kinesin-1 [Protein Data Bank (PDB) ID
code 3KIN; in which the NL also docks onto the MD] (SI Ap-
pendix, Fig. S1). From the overall structure, the MD-NC dimer of
kinesin-3 largely resembles that of kinesin-1 (SI Appendix, Fig.
S1), indicating that the NC-mediated dimerization is a similar
mechanism in processive kinesin motors. However, the distance
between the two domains (both upon NL docking) is somewhat
different between the two dimer structures—that is, ~70 A in
kinesin-3 vs. ~90 A in kinesin-1 (based on the distance between the
nucleotide-binding pockets of the two MDs) (Fig. 2E and SI Ap-
pendix, Fig. S1). In the MD-NC dimer of kinesin-3, the two MDs
are related by a rotation of ~180° rather than ~120° observed in
that of kinesin-1 (SI Appendix, Fig. S1). Upon superimposition of
one subunit in the dimer, the other one of kinesin-3 undergoes a
rotation of ~60° and moves closer to the superimposed one (Fig.
2FE). These structural differences between the two MD-NC di-
mers of kinesin-1/-3 are likely caused by the different lengths of
NL that link the two MDs through the NC coiled-coil dimer.
Taken together, the structure of the MD-NC dimer of KIF13B
demonstrated the NC-mediated dimerization of the MD and
revealed the potential active conformation of kinesin-3 motors.
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Crystallization of the Inhibited MD-NC-CC1 Monomer. In contrast to
the uninhibited MD-NC dimer, the MD-NC-CC1 tandem forms
an inhibited monomer in which both the NC-mediated di-
merization and the MT-simulated ATPase activity of the MD are
blocked (Fig. 1). To investigate the mechanism of inhibition, we
performed the crystal screening of the MD-NC-CC1 tandem.
However, all of the crystals of this fragment were diffracted
poorly, despite extensive efforts. We then had to resort to the
MD-NC-CC1 tandem with a Y73C mutation in the MD for
crystallization. In our previous studies, the Y73C mutation was
demonstrated to be capable of enhancing the crystal packing
with little impact on the MD (29), suggesting that this point
mutation would not interfere with the inhibited monomeric state
of the MD-NC-CC1 tandem. Supporting this hypothesis, the
MD-NC-CC1-(Y73C) mutant adopted a monomeric conforma-
tion in solution with the low MT-simulated ATPase activity
similar to that of the MD-NC-CC1 tandem (SI Appendix, Fig.
S24). With the Y73C mutation in the MD-NC-CC1 tandem, we
successfully obtained the diffraction-quality crystals that are
suitable for structural determination.

Structure of the Compact MD-NC-CC1 Monomer. The structure of
the MD-NC-CC1 tandem with the Y73C mutation was solved by
the molecular-replacement method and refined to 2.4 A (Fig. 3
and SI Appendix, Table S1). Consistent with the monomeric state
in solution (Fig. 1 and SI Appendix, Fig. S24), only one molecule
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Fig. 3. Structure of the MD-NC-CC1-Y73C monomer of KIF13B. (A) A ribbon diagram of the structure of the MD-NC-CC1-Y73C monomer. MD, NL, NC, and
CC1 are colored in pale cyan, pink, yellow, and light orange, respectively. Missing loops in the structure are marked with dashed lines. The omit electron-
density maps of ADP, Mg?", and the coordinated water molecules are shown in A, Inset and contoured at the 1.5¢ level. (B) A surface representation of the
structure of the MD-NC-CC1-Y73C monomer. The color scheme follows that in A. This shows that the MD-NC-CC1 tandem forms a compact self-folded

monomer.

was found in the asymmetric unit of the crystal. In the structure
of the MD-NC-CC1-(Y73C) mutant, the Y73C mutation is lo-
cated in loop 3 of the MD, and this position is far away from the
binding sites for contacting with NC and CC1 (SI Appendix, Fig.
S2B), supporting the fact that the Y73C mutation has limited
effect on the overall structure of the MD-NC-CC1 tandem and
does not interfere with the interdomain interactions between the
MD, the NC, and CC1. Based on the crystal-packing analysis and
structural comparison, the Y73C mutation stabilizes the flexible
loop 3 and extends the following helix ala that happens to sit at
the intermolecular packing interface of the crystal (S Appendix,
Fig. S2 C and D). The electrostatic interactions between the
extended helix ala and the neighboring molecule significantly
enhance the crystal packing (SI Appendix, Fig. S2D). Thus, both
the biochemical data and the structural analysis demonstrate that
the Y73C mutation facilitates the crystal packing with minimal
impact on the overall structure and motor activity of the MD-
NC-CC1 tandem, and the structure of the MD-NC-CC1-(Y73C)
mutant can be reasonably used to represent that of the wild-type
inhibited MD-NC-CC1 monomer.

In the structure of the MD-NC-CC1 monomer, the MD
adopts a canonical kinesin-motor fold, the NL linearly docks
onto the MD, and the NC forms a single o-helical structure
rather than a coiled-coil dimer (Fig. 34). Additionally, ADP and
Mg?* were also well traced in the nucleotide-binding pocket of
the MD, even without extra nucleotides being added during
crystallization (Fig. 34). Instead of forming an extended a-helix,
CCl1 is broken into two short a-helices (CCla and CC1b) around
the middle that unexpectedly interact with both the NC and the
MD to assemble a compact, self-folded monomer (Fig. 3). The
N-terminal helix CCla folds back to pack with the NC in an
antiparallel manner, and together they form a two-helix bundle

E11936 | www.pnas.org/cgi/doi/10.1073/pnas.1811209115

that directly sequesters the NC and prevents its coiled-coil dimer
formation (Fig. 34). Moreover, this two-helix bundle further
leans against the MD and interacts with a short p-hairpin
(formed by p5a and f5b) from the MT-binding subdomain to
integrate the three domains together (Fig. 3). On the other hand,
the C-terminal helix CClb (perpendicular to CCla) does not
contact with the NC, but anchors onto the MD at a distinct site
(Fig. 34), which would further stabilize the self-folded confor-
mation of the MD-NC-CC1 tandem.

To avoid the potential artifacts in the MD-NC-CC1 monomer
caused by the crystal packing, we further performed the molec-
ular dynamics simulations of this monomer structure in solution
(SI Appendix, Fig. S3). The overall structure of the MD-NC-
CC1 monomer underwent little conformational change during
the simulations, supporting that the compact MD-NC-CCl1
monomer is relatively stable (SI Appendix, Fig. S3). However, in
comparison with the core structure of the MD, several loops
(loops 2 and 10-12) of the MD and the hinge between the NC
and CCl1 exhibit more dynamic conformations (SI Appendix, Fig.
S3), suggesting that these regions are intrinsically flexible. Con-
sistent with this feature, in the MD-NC-CC1 monomer structure,
loops 2 and 10-12 of the MD and the NC/CC1 hinge could not
be clearly defined due to the poor electron-density maps (as
indicated by the dashed lines in Fig. 34).

Interdomain Interaction Interface in the MD-NC-CC1 Monomer. In the
self-folded MD-NC-CC1 monomer, the interdorglain interaction
interface (buried with a surface area of ~2,327 A?) between the
three domains is highly conserved in KIF13B and can be further
divided into two sites (sites I and II) (Fig. 44 and SI Appendix,
Fig. S4). Site I is contributed by the MD, NC, and CCla that
form the primary tripartite interaction interface (Fig. 44). In this
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Fig. 4. Interdomain interaction interface in the compact MD-NC-CC1 monomer. (A) A ribbon diagram of the structure of the compact MD-NC-CC1 monomer.
The interdomain interaction interface between the MD, NC, and CC1 can be divided into two sites (sites | and Il, highlighted by boxes). (B-D) A combined
ribbon-and-stick model showing the interdomain interface in site | (B and C) and site Il (D). Site | is contributed by the interhelical packing between the NC and
CC1a (B) and the interaction interface between the NC-CC1a and the MD (C), and site Il is contributed by the interaction interface between CC1b and the MD
(D). The side chains of the key residues involved in the interdomain interface packing are shown as sticks. (E) Structure-based sequence alignment of the
binding regions between the MD and NC-CC1 from different species of KIF13B. The identical and highly conserved residues are colored in red and green,
respectively. (E, Upper) The secondary structures and residue numbers of KIF13B are marked at the top. (E, Lower) The hydrophobic and polar residues re-

sponsible for the interdomain interaction are marked with yellow dots and blue triangles, respectively.

tripartite interface, the interhelical packing between the NC and
CClais largely mediated by the hydrophobic residues from the a
and d sites [based on the heptad repeat pattern (a—g) analysis]—
that is, 1367, 1368, L371, V375, L378, and L382 from NC and
1393, 1397, 1404, and M407 from CCla (Fig. 4B and SI Ap-
pendix, Fig. S5). In addition to the hydrophobic packing, the
electrostatic and hydrogen-bonding interactions between NC and
CCla further stabilize the antiparallel two-helix bundle forma-
tion (Fig. 4B). The further interdomain packing between the NC-
CCla two-helix bundle and the MD is mediated by a combined
network of the electrostatic, hydrogen-bonding, and hydrophobic
interactions (Fig. 4C). Specifically, R174 from p5a and Y182 and
D184 from f5b of the MD form the electrostatic and hydrogen-
bonding interactions with E399 and K402 from CCla; H176
from pSa and S177 from loop 8b of the MD form the specific
hydrogen bonds with S400 and R396 from CCla, respectively;
and V178 and L179 from loop 8b and Y182 from p5b of the MD
make the hydrophobic contacts with 1367 and L371 from NC and
L403 from CCla (Fig. 4 C and E).

On the other hand, site II is constructed by the MD and CC1b
that form the additional bipartite interaction interface (Fig. 44).
CC1 is broken around V409 and T410 that forms a tight turn
between the two perpendicular helices (CCla and CClb), and
CC1b interacts with the MD at a distinct site formed by p4, 5,
a3, and loop 8a (Fig. 4 4 and E). In the N-terminal part of this
bipartite interface, W411 from CCl1b is buried and sandwiched
between K145 from p4 of the MD and L415 from CClb;
K414 from CClb forms the electrostatic interaction with
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E147 from p4 of the MD; and T418 from CC1b forms the spe-
cific hydrogen bond with the backbone of A190 from B5 of the
MD (Fig. 4 D and E). In the C-terminal part of this bipartite
interface, R425 from CClb forms the hydrogen-bonding in-
teraction with S199 from a3 of the MD, and 1421 from CClb
makes the hydrophobic contacts with L189 from p5 and
P164 from loop 8a of the MD (Fig. 4 D and E). Taken together,
the extensive electrostatic, hydrogen-bonding, and hydrophobic
interactions between the MD, NC, and CCl in both sites I and II
integrate the three domains together to form a compact mono-
mer. Moreover, most of the essential residues involved in the
interdomain interaction interface are also highly conserved in
other kinesin-3 motors (SI Appendix, Fig. S5).

Both the NC and NL of the Neck Domain Are Sequestered in the MD-
NC-CC1 Monomer. With the structures of the uninhibited MD-NC
dimer and inhibited MD-NC-CC1 monomer, we next dissected
the molecular mechanism for CC1-mediated autoinhibition. The
neck domain of kinesin motors (composed of the NC and NL)
plays an obligatory role in controlling the motor activity—that is,
the NC mediates dimerization of the MD, while the NL docks
onto or undocks from the MD to mediate the chemomechanical
coupling and determine the directionality and processivity (6, 7,
27). In the uninhibited MD-NC dimer, the NC forms a coiled-
coil dimer for the MD dimerization, and the NL is free to dock
onto or undock from the MD without restriction (Fig. 54). In
contrast, in the inhibited MD-NC-CC1 monomer, the NC is se-
questered by CCla to form an antiparallel two-helix bundle and
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Fig. 5. Both NC and NL of the neck domain are sequestered in the MD-NC-CC1 monomer. (A) A combined ribbon-and-surface representation of the MD-NC
subunit from the dimer. The MD is shown in surface and can be divided into the P-loop, Switchl/Il, and MT-binding subdomains colored in salmon, slate, and
green, respectively, and the NC is in a cylinder representation and colored in gray. (B) Structural comparison of the MD-NC and MD-NC-CC1 tandems. The MD
and NC of the MD-NC tandem are colored as in A, and NC and CC1 of the MD-NC-CC1 tandem are colored in yellow and orange, respectively. After su-
perimposition of the two structures, the NC undergoes dramatic conformational changes. (C) A close-up view of the NL regions of the MD-NC and MD-ND-
CC1 structures. The NL can dock/undock freely in the MD-NC tandem, but is locked in the docked state in the MD-NC-CC1 tandem. (D) A schematic working
model for explaining the conformational changes between the three subdomains coupled with the NL undocking and ADP release. The color scheme for the
three subdomains follows that in A. The NL is shown as a pink line, and the NC and CC1 are colored in yellow and orange, respectively. (E) Kinetics of the
mant-ADP release from the MD-NL (red), the MD-NC-CC1 (black), and the various MD-NC-CC1 mutants (V375E, blue; AP391, pink; and L415A, green). Nor-
malized fluorescence variations on release of ADP from the different fragments in the absence of MTs (solid lines) or the presence of MTs (dashed lines) are

shown. (F) MT-stimulated ATPase activity of the wild type and various mutants of the MD-NC-CC1 tandem of KIF13B. Each bar represents the mean value +
SD. ***P < 0.001 (Student’s t test).

is unable to form a coiled-coil dimer for dimerization of the MD  NL, restriction of the NC motion subsequently sequesters the NL
(Fig. 5B). Thus, the NC-mediated dimerization is blocked due to the  and locks it in a docked conformation (Fig. 5C), suggesting that
direct intramolecular interaction between the NC and CCl, con- the NL would hardly undock from the MD in the inhibited MD-
sistent with the previous studies and biochemical characterization. NC-CC1 monomer. Taken together, CC1 fastens the neck do-
More intriguingly, the NC-CCla bundle and CClb further = main and MD by interacting with the two domains and seques-
interact with the MD, which would tether and fix the NC onto  ters both the NC and NL of the neck domain for autoinhibition.
the MD firmly (Fig. 3). With superimposition of the MD, the
binding of the NC-CCla bundle and CC1b to the MD drives the = Release of ADP from the MD Is Inhibited in the MD-NC-CC1 Monomer.
NC to undergo a rotation of ~90° toward the MD (Fig. 5B). The initial biochemical characterization of the MD-NC-
Thus, in addition to preventing the NC coiled-coil dimer for- CCI tandem demonstrated that its MT-stimulated ATPase ac-
mation, CC1 also restrains its freedom of motion through tivity is also inhibited (Fig. 1). The decreased activity may be
binding to the MD. Given that the NC immediately follows the  caused by the direct interference of binding to MTs. However, in
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the MD-NC-CC1 monomer structure, the NC-CCla bundle only
leans against the periphery of the MT-binding subdomain of the
MD and the major binding site of this subdomain is completely
exposed (Fig. 3), indicating that the MD-NC-CC1 tandem is still
capable of interacting with MTs. To test this hypothesis, we
performed the MT-binding assay for the MD (with the NL) and
the MD-NC-CC1 tandem. As expected, the MD-NC-CC1 tandem
can bind to MTs similarly to the MD-NL tandem (SI Appendix,
Fig. S6), demonstrating that the MT-binding capacity of the MD
in the MD-NC-CC1 tandem is not severely impaired. Thus, the
decreased MT-stimulated ATPase activity of the MD-NC-CC1
tandem is unlikely to be caused by interfering with the MT-
binding property of the MD.

Based on previous studies, the MD can be divided into three
subdomains—that is, the P-loop, Switchl/II, and MT-binding
subdomains (30) (Fig. 5A4). The intramolecular structural
changes between the three subdomains are intimately coupled
with the ATP hydrolysis cycle of the MD and its ATPase activity
(27, 30). Upon docking onto the MD, the NL anchors between
the P-loop and MT-binding subdomains, and its undocking al-
lows the intersubdomain rearrangement required for the MT-
stimulated ADP release from the MD (Fig. 5D). However, in
the inhibited MD-NC-CC1 monomer, the NL is sequestered in a
docked state, which would block the movement between the P-
loop and MT-binding subdomains and prevent the subsequent
MT-stimulated ADP release (Fig. 5D). To test this hypothesis,
we performed the MT-stimulated mant-ADP release assay for
the MD (with the NL) and the MD-NC-CC1 tandem. Consistent
with the essential role of MTs for the ADP release, the ADP
release from the MD-NL tandem is slow without MTs but is
significantly accelerated upon adding them (Fig. 5E and SI Ap-
pendix, Table S2). In the absence of MTs, the ADP release from
the MD-NC-CC1 tandem is also slow and remains slow after
adding MTs compared with the MD-NL tandem (Fig. SE and S/
Appendix, Table S2), indicating that the MT-stimulated ADP
release is severely impaired in the MD-NC-CC1 monomer.
Taken together, consistent with the structural analysis, the MT-
stimulated ADP release from the MD in the MD-NC-CC1 tan-
dem is inhibited by sequestering the NL, which would cause the
decreased ATPase activity.

Disruptions of the MD-NC-CC1 Monomer Restore the MD Activity.
Based on the structural analysis of the inhibited MD-NC-
CC1 monomer, we introduced a series of the point mutations in
the MD, NC, and CC1 to disrupt the interdomain interaction
interface—that is, V178Q in the MD, V375E in the NC, and
E399A, K414A, and LA415A in CCl—and checked the MT-
stimulated ATPase activity of these mutants. We also removed
a proline from the NC/CC1 hinge (AP391), which was previously
demonstrated to disrupt the folded-back conformation of CCl1
(16, 28). All of the mutations did not have major effects on the
secondary structures of the MD-NC-CC1 tandem, as indicated
by the similar profile in the CD spectra (SI Appendix, Fig. S7A4).
However, most of the mutations in the interdomain interaction
interface destabilized the MD-NC-CC1 tandem in the limited
proteolysis assay (SI Appendix, Fig. S7B), suggesting that the
compact self-folded structure is disrupted by these mutations. As
expected, in comparison with the wild-type MD-NC-CC1 tan-
dem, the mutations in the interdomain interaction interface or in
the NC/CC1 hinge all significantly enhanced the MT-simulated
ATPase activity (Fig. 5F), indicating that disruptions of the
contacts between the three domains or the folded-back confor-
mation of CCl1 restore the MD activity. Consistent with the in-
creased ATPase activity, the MT-stimulated ADP release of the
MD-NC-CC1 tandem was also markedly accelerated by the
mutations (V375E, AP391, and L415A that keep the MD intact)
(Fig. SE and SI Appendix, Table S2), further implicating the
loosening of the NL for the ADP release. On the other hand,
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disruptions of the interactions between the three domains or the
folded-back conformation of CC1 would also release the NC for
dimerization of the MD. Consistent with this hypothesis, the
AP391-mutant adopts a dimeric conformation, and most of
the other mutants (V178Q, E399A, K414A, and L415A with the
intact NC) have a tendency to form a dimer and exist in a
monomer/dimer equilibrium in solution (SI Appendix, Fig. S8).
In contrast, the V375E mutant [with the mutation in the NC that
disrupts the MD-NC-CC1 monomer as well as the NC coiled-coil
dimer (Fig. 2D)] remains as a monomer (S Appendix, Fig. S8),
further supporting the essential role of the NC for dimerization
of the MD.

Finally, we assessed the effects of these mutations on the full-
length KIF13B in vivo by using a cell-based assay (Fig. 64).
Consistent with previous results (16), the wild-type KIF13B
adopts an inactive state and was largely localized in the cell body
(Fig. 6 A and B). Similar to the wild-type KIF13B, the Y73C-
KIF13B mutant was also largely localized in the cell body (S
Appendix, Fig. S2 E and F), supporting the minimal impact of
this mutation on the full-length protein. As expected, most of the
KIF13B mutants (V178Q, AP391, E399A, K414A, and L415A)
showed the enhanced accumulations at the cell tips in compar-
ison with the wild-type KIF13B (Fig. 6 A and B), indicating the
restored motor motility by these mutations. In contrast, the
V375E-KIF13B mutant did not show the significantly increased
tip accumulations (Fig. 6 4 and B), also consistent with the es-
sential role of the NC-mediated dimerization for the motor ac-
tivity. Taken together, all of the biochemical and cellular data
demonstrated that disruptions of the MD-NC-CC1 monomer re-
lease the sequestered neck domain and restore the MD activity.

Discussion

Intrinsic Structural Versatility of CC1 for Autoinhibition. In kinesin-
3 motors, the coiled-coil domain CC1 is a well-known auto-
inhibitory segment that folds back to sequester the preceding NC
for inhibiting the motor activity (2, 16, 23), but the underlying
mechanism is not well understood. In this study, we determined
the structure of the inhibited MD-NC-CC1 monomer of KIF13B
in which CC1 is broken into two short a-helices (CCla and
CCl1b) that interact with both the NC and the MD to sequester
the entire neck domain (Figs. 3 and 4). Thus, instead of forming
an extended coiled-coil, CC1 adopts a distinct two-helix con-
formation for autoinhibition. Consistent with this unexpected
structural feature, our previous studies of the NC-CC1-FHA
tandem of KIF13A demonstrated that CCI1 is not a perfect
coiled-coil for dimerization (28). Moreover, CC1 contains sev-
eral intrinsic unusual features (i.e., the potential defects in the
interhelical packing and a “stutter” break in the middle) that can
distort the coiled-coil formation and break the extended helix
(28) (SI Appendix, Fig. S5), supporting the propensity of CC1 to
form a two-helix conformation in the autoinhibited state. Taken
together, CC1 of kinesin-3 motors is not a canonical coiled-coil
but possesses the intrinsic structural versatility to adopt a distinct
conformation for autoinhibition.

In the MD-NC-CC1 monomer, CCla folds back to pack with
the NC in an antiparallel manner to form a two-helix bundle with
a short hinge (Figs. 3 and 4), consistent with previous structural
prediction (16). Removal of the signature proline (P391) from
the short hinge disrupted the folded-back conformation of
CC1 and promoted the motor dimerization (SI Appendix, Fig.
S8), also consistent with the previous studies (16, 28). It has been
proposed that, for different kinesin-3 motors, the length of the
hinge between the NC and CCl1 may determine their packing
orientation (16)—i.e., for the long hinge, CC1 forms an extended
helix to pack with the NC in a paralle] manner based on the
electron-microscopy studies of UNC-104 (23), while for the short
hinge, CCl1 interacts with the NC in an antiparallel manner, as
demonstrated in this study (Fig. 3). However, given the high
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Fig. 6. Disruptions of the MD-NC-CC1 monomer restore the motor activity of KIF13B. (A) Cellular localizations of the full-length KIF13B and its various
mutants in the N2A cells. The wild-type KIF13B was largely localized in the cell body (A1). Most of the mutants showed the significantly increased accu-
mulations at the cell tips, except for the V375E mutant (with the mutation in NC) (A2-A7). (Scale bar: 20 um.) (B) Quantification of the cellular distribution
data shown in A. The ratio of the tip to cell body average Fl was quantified for each construct for >15 cells (n > 15). Each bar represents the mean value + SEM.
**%P < 0.001 (Student’s t test). (C) A working model for the CC1-mediated autoinhibition of kinesin-3. In the uninhibited state (C, Upper), the NC mediates
dimerization of the MD to assemble a dimeric motor, and the NL freely docks onto or undocks from the MD for processive movement. The MD is in the surface
representation (colored in gray), and the NL and NC are in the ribbon representation (colored in pink and yellow, respectively). The gray oval represents the
MD with the NL undocking. In the inhibited state (C, Lower), CC1 (colored in orange) folds back to interact with both the NC and the MD, which not only
inhibits the NC-mediated dimerization, but also prevents the NL undocking and the ADP release from the MD.

sequence similarity of CC1 among different kinesin-3 motors (S
Appendix, Fig. S5), CC1 in the long-hinged kinesin-3 motors may
also be capable of adopting the two-helix conformation for se-
questering the NC. Moreover, due to the short length of the NC,
the half of CC1 (CCla) is sufficient to cover the whole NC, as
shown in the MD-NC-CC1 monomer structure (Fig. 4 and SI
Appendix, Fig. S5). Thus, we may not exclude the possibility that
the antiparallel packing between CCla and the NC for auto-
inhibition could also exist in other long-hinged kinesin-3 motors.

The essential role of CCl1 for regulating the NC-mediated
dimerization was described in the work of Al-Bassam et al. (23).
They worked on the different constructs of UNC-104 with MTs
by the cryo-EM method at low resolution and found that, upon
binding to MTs, AMPPNP (the nonhydrolyzable ATP analog)
appears to trap the MD-NC-CC1 tandem in a monomeric state
(23). In this work, the similar MD-NC-CCI1 tandem of KIF13B
adopts a monomeric conformation in solution and is also capable
of binding to MTs (Fig. 1 and SI Appendix, Fig. S6), consistent
with the work of Al-Bassam et al. work. However, the MD of the
MD-NC-CC1 monomer of KIF13B was tapped in an ADP-
bound state (since we did not add extra nucleotides during the
protein purification and crystallization) (Fig. 3). The discrepancy
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of the MD-NC-CC1 monomer with different nucleotide-bound
states between the two studies might be caused by different ex-
perimental conditions—i.e., in the study of Al-Bassam et al., the
work was carried out with MTs, whereas in this study, the work
was largely performed without MTs.

The MD Is Unexpectedly Involved in the CC1-Mediated Autoinhibition.
In addition to the broken CCl, the other unexpected structural
feature in the MD-NC-CC1 monomer is that the MD is involved
in the CCl-mediated autoinhibition (Fig. 3). The MD contains
two distinct sites (in the p4-a3 region, referred to as the NC-
CCl-binding region) to capture the NC-CCla bundle and CClb,
respectively, to form a compact self-folded structure (Fig. 4). In
comparison with the MD-NC dimer, the binding of the NC-CCla
bundle and CC1b induced some local conformational changes in
the p5a/pSb region of the MD, while no significant structural
changes were found in the Switch I and II elements (since the
MDs from the two structures were both trapped in the similar
ADP-bound state) (SI Appendix, Fig. S9). The two site-mediated
interactions between the MD and NC-CCla/CClb not only
tether the NC to the MD, but also sequester the NL, which ultimately
leads to the complete lockdown of the entire neck domain from the
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NL to the NC (Fig. 5). Without binding to the MD, both the NC-
CCla bundle and CCb1 would be flexible and unstable in solution [as
indicated in the limited proteolysis assay (SI Appendix, Fig. S7B)], and
the neck domain would be only partially inhibited due to the fact that
the NL could freely undock from the MD without restraints (Fig. 5).
Thus, with two distinct binding sites, the MD tightly packs with NC-
CC1a/CC1b and facilitates CCl1 to inhibit the entire neck domain.
Consistent with this hypothesis, mutations of the residues of the MD
(that are in the interdomain interaction interface) disrupted the MD-
NC-CC1 monomer and restored the MD activity (Figs. 5 and 6).
Intriguingly, most of the essential residues in the NC-CC1-binding
region of the MD are highly conserved in other kinesin-3 motors (S7
Appendix, Fig. S5), suggesting that the MD in these motors may also
participate in the CC1l-mediated autoinhibition. Moreover, mutations
of the MD of kinesin-3 KIF1A are coupled with a number of human
neuronal disorders, and some of the disease-related mutations are
located in the NC-CCl1-binding region (31-33) (SI Appendix, Fig. S5),
indicating that the identified NC-CCl-binding region of the MD of
kinesin-3 motors may also be of functional importance.

CC1 Fastens the Neck Domain and MD for Kinesin-3 Autoinhibition.
Based on the structures of the uninhibited MD-NC dimer and
inhibited MD-NC-CC1 monomer, the molecular mechanism for
the CCl-mediated autoinhibition could be proposed (Fig. 6C).
In the uninhibited state, the NC mediates dimerization of the
MD to assemble a two-headed motor, and the NL freely docks
onto or undocks from the MD without restraints (Fig. 6C). In the
CCl-mediated autoinhibited state, CC1 folds back to interact
with both the NC and the MD to fasten the neck domain and the
MD, which not only inhibits the NC-mediated dimerization but
also prevents the NL undocking and the ADP release from the
MD (Fig. 6C). In contrast, the MT-binding capacity of the MD is
not severely impaired by CC1 due to the exposure of the MT-
binding subdomain (Fig. 3 and SI Appendix, Fig. S6). Thus, with
the aid of the MD, CCl1 sequesters both the NC and NL of the
neck domain without interfering with the MD (Fig. 6C). This
dual inhibition of the neck domain by CC1 would secure the
inactive state of the motor without any futile ATP hydrolysis.
The CCl-mediated lockdown of the entire neck domain may
represent a paradigm for kinesin autoinhibition and could be
applicable to other kinesin-3 motors.

The CCl-mediated prevention of the NL undocking and the
ADP release found in kinesin-3 is also reminiscent of the
mechanism of kinesin-1 autoinhibition. In kinesin-1, a short
peptide from the tail domain was found to directly bind to the
MD (11-13). The structure of the motor-tail complex of kinesin-
1 demonstrated that a single tail peptide can cross-link the two
MDs and, together with the NC dimer, prevents the movement
of the two MDs that is required for the NL undocking and the
ADP release (34, 35). In kinesin-3, the CCl-mediated fastening
of the neck domain and MD locks down the entire neck domain,
and the NL is prevented from undocking from the MD for the
ADP release (Fig. 6C). Thus, different approaches used by kinesin-
1 and -3 (tail peptide-mediated vs. CCl-mediated) come to the
same result, and prevention of the NL undocking and the ADP
release may be a general mechanism for kinesin autoinhibition.

In the full-length motor, in addition to the key autoinhibitory
segment CC1, other regions have been shown to further facilitate
the autoinhibited conformation of kinesin-3. In KIF1A, CC2 was
shown to be able to fold back to interact with the FHA domain
(20), and in KIF13B, the membrane-associated guanylate kinase
homolog binding stalk (MBS) segment immediately following
CC2 was found to interact with the MD (21). On the other hand,
in our previous work, we found that the CC1-FHA tandem of
kinesin-3 can form an extended dimer that would release the
CCl-mediated inhibition and couple with the NC dimer to as-
semble a dimeric motor for processive movement (28, 36).
Moreover, the activation and dimerization of kinesin-3 were
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demonstrated to be chiefly mediated by cargo binding (16, 19,
21). Based on all of the previous studies and this work, a working
model for the cargo-mediated transition of the full-length
KIF13B from an autoinhibited monomer to an uninhibited di-
mer could also be proposed (SI Appendix, Fig. S10). In the
monomeric autoinhibited state, CC1 interacts with both NC and
the MD, CC2 interacts with the FHA domain, and the MBS
segment binds to the MD (SI Appendix, Fig. S10). Upon binding
to cargoes or cargo adaptors likely through the MBS segment in
KIF13B (21), the FHA domain could be somehow released to
promote the formation of the CC1-FHA dimer that would fur-
ther release the CC1-mediated inhibition of the neck domain (S
Appendix, Fig. S10). In the dimeric uninhibited state, the FHA
domain, CC1, and the NC would work together to form a stable
dimer that brings the two MDs together for walking along MTs
(SI Appendix, Fig. S10).

Materials and Methods

Protein Expression and Purification. DNA sequences encoding the rat and
human KIF13B MD-NL (1-371), MD-NC (1-389), MD-NC-CC1 (1-432), and
various mutants were each cloned into a modified pET32a vector with a C-
terminal Hisg-tag. Point mutations were introduced by using the standard
PCR-based mutagenesis method and confirmed by DNA sequencing.
Recombinant proteins were expressed in Escherichia coli BL21 (DE3) host
cells at 16 °C. The Hise-tagged fusion proteins were purified by Ni®*-
Sepharose 6 Fast Flow (GE Healthcare) affinity chromatography followed by
size-exclusion chromatography (Superdex-200 26/60; GE Healthcare) in the
buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM Nacl, 2 mM MgCl,, 1 mM
EGTA, and 1 mM DTT. For the analytical gel-filtration analysis, protein
samples were concentrated to ~5.0 mg/mL and loaded onto the Superdex-
200 10/300 GL column (GE Healthcare).

Analytical Ultracentrifugation. Sedimentation velocity experiments were
performed on a Beckman XL-I analytical ultracentrifuge equipped with a four-
cell An-60 Ti rotor (Beckman Coulter) under 220,000 x g at 25 °C. The partial
specific volume of protein samples and the buffer density were calculated by
using the program SEDNTERP (bitcwiki.sr.unh.edu/index.php/Main_Page). The
final sedimentation velocity data were analyzed and fitted to a continuous
sedimentation coefficient distribution model by using the program SEDFIT.

Crystallization. Crystals of the MD-NC tandem (~25 mg/mL) were obtained in
1.4 M Na/KPO, (pH 6.9). Crystals of the MD-NC-CC1-Y73C mutant (~20 mg/mL)
were obtained in 0.2 M proline, 0.1 M Hepes (pH 7.5), and 14% (wt/vol) PEG
3350. All of the crystals were obtained by using the sitting-drop vapor-diffusion
method at 16 °C. Before being flash-frozen in liquid nitrogen, crystals were
soaked in the mother liquor supplemented with 15% (vol/vol) ethylene glycol
for cryoprotection.

Data Collection, Structural Determination, and Refinement. All of the dif-
fraction datasets were collected at the beamline BL17U1 and BL19U of the
Shanghai Synchrotron Radiation Facility with a wavelength of 0.989 A at 100
K (37). Datasets were integrated and scaled with HKL2000 (38). The struc-
tures of the MD-NC tandem and the MD-NC-CC1-Y73C mutant were de-
termined by the molecular-replacement methods using the MD of KIF13B
(PDB ID code 5ZBR) as the searching model with Phaser (39). Additional
missing residues were manually modeled into the structures according to the
2F, — Fc. and F, — F. electron-density maps using COOT (40). The structures
were further refined and validated with PHENIX (41). The statistics for the
data collection and structural refinement are summarized in SI Appendix,
Table S1. The protein structure figures were prepared by using the program
PyMOL (https://pymol.org/2/).

MT-Stimulated ATPase Assay. Measurements of the MT-stimulated ATPase
activities of various KIF13B fragments were performed by using the HTS
Kinesin ATPase Endpoint Assay Biochem Kit (Cytoskeleton, Inc.). Briefly, all of
the measurements were based on the malachite green phosphate assay to
probe inorganic phosphate generated during the reaction. A standard curve
of phosphate was made to estimate the amount of phosphate generated. The
basal ATPase activities (without MTs) of these KIF13B fragments were also
measured by using the same method. Each protein sample had three repli-
cates, and each measurement was repeated at least three times independently.
The kinesin-1 heavy chain (KHC) supplied in the kit was used as the control. All
of the data were analyzed by using the GraphPad Prism5 program.
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Kinetics of MT-Stimulated Mant-ADP Dissociation. The bound ADPs in the MD
(with the NL) and the MD-NC-CC1 tandem of KIF13B were first exchanged for
mant-ADPs by equilibration with a 10-fold excess of mant-ADP at 25 °C for
30 min. The excess mant-ADPs were removed by exchanging into the re-
action buffer containing 80 mM Pipes (pH 6.9), 1 mM MgCl,, 1 mM EGTA,
and 0.1% Tween 20 using a Sephadex G-25 column. Release of mant-ADP
was started by mixing the mant-ADP-loaded protein with a 50-fold excess of
unlabeled ATP in the same buffer. The reaction was monitored by using a
SX20 Stopped-Flow spectrometer at 25 °C. Excitation was at 365 nm, and
fluorescence was recorded by using a 400-nm long-pass filter. For the MT-
stimulated mant-ADP dissociation experiments, additional preprepared
1 M MTs and 100 uM taxol were supplemented in the buffer. All of the data
were analyzed and fitted by using the GraphPad Prism5 program.

Cell Culture, Imaging, and Data Analysis. The full-length human KIF13B and
various mutants were each cloned into a pEGFP-N3 vector. N2A cells were
cultured in DMEM containing 10% (vol/vol) FBS and were grown at 37 °C. The
cells were transfected with the wild-type KIF13B and various mutants by
Lipofectamine 3000 (Invitrogen), according to the manufacturer’s instruc-
tions. Fluorescence images were obtained by using Olympus FV1000 Laser
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Scanning Confocal Microscopy with a 60x (NA = 1.42) oil objective. Confocal
settings used for image capture were held constant in comparison experi-
ments. For the cellular distribution data analysis, the specific regions of the cell
body (excluding the nucleus) and the tip of each cell were chosen, and the
average fluorescence intensities (Fls) were calculated, respectively. All of the
fluorescence images were processed and analyzed by ImageJ (NIH). The final
quantification graphs were generated by the GraphPad Prism5 program.

Accession Numbers. The atomic coordinates of the MD-NC dimer and the MD-
NC-CC1-Y73C monomer have been deposited in the Protein Data Bank, with
PDB ID codes 6A1Z and 6A20, respectively.
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